Familial hypertrophic cardiomyopathy (FHC) is one of the most common genetic causes of heart disease. Approximately 15% of FHC-related mutations are found in cTnT [cardiac troponin (cTn) T]. Most of the cTnT FHC-related mutations are in or flanking the N-tail TNT1 domain that directly interacts with overlapping tropomyosin (Tm). We investigate two sets of cTnT mutations at opposite ends of TNT1, mutations in residue 92 in the Tm-Tm overlap region of TNT1 and mutations in residues 160 and 163 in the C-terminal portion of TNT1 adjacent to the cTnT H1-H2 linker. Though all the mutations are located within TNT1, they have widely different phenotypes clinically and biophysically. Using a complete atomistic model of the cTn-Tm complex, we identify mechanisms by which the effects of TNT1 mutations propagate to the cTn core and site II of cTnC, where calcium binding and dissociation occurs. We find that mutations in TNT1 alter the flexibility of TNT1, which is inversely proportional to the cooperativity of calcium activation of the thin filament. Further, we identify a pathway of propagation of structural and dynamic changes from TNT1 to site II of cTnC, including TNT1, cTnT linker, I-T arm, regulatory domain of cTnI, the D-E linker of cTnC, and site II cTnC. Mutationally induced changes at site II of cTnC alter calcium coordination that corresponds to biophysical measurements of calcium sensitivity. Finally, we compare this pathway of mutational propagation with that of the calcium activation of the thin filament and find that they are identical but opposite in direction.
Introduction
Familial hypertrophic cardiomyopathy (FHC) is a dominant "disease of the sarcomere" and is one of the most frequently occurring cardiac genetic disorders. [1] [2] [3] [4] In 1990, the original studies establishing the genetic basis for FHC were published. and thin filaments and associated proteins. [7] [8] [9] [10] The clinical phenotypes and prognoses associated with these mutations differ widely. 11, 12 Thus, one overriding goal of FHC research is to link genotype to phenotype. 13, 14 Many of the basic molecular mechanisms that underlie these clinically relevant differences remain unknown. Understanding these mechanisms of molecular pathogenesis will provide valuable information regarding the heterogeneity of FHC-related mutation phenotypes.
The cardiac thin filament is a multimeric structure with each fundamental unit composed of seven actin monomers, one tropomyosin (Tm) dimer, and a single cardiac troponin (cTn) complex composed of three independent subunits: cTnC, the calcium binding subunit; cTnI, the inhibitory subunit; and cTnT, the Tm binding and cTnI-cTnC complex binding subunit, as diagrammed in Fig. 1 . The cTnT-Tm interaction occurs along an extended region spanning the head-to-tail region of the contiguous array of Tm within the thin filament. cTnT is also thought to promote the ordered assembly of the cTn-Tm complex onto the actin filament. 15 The physiologic role of the cardiac thin filament involves both calcium-independent and calcium-dependent regulatory roles in myofilament activation. 15 As a result, cTn acts as a calciumactivated regulator of actomyosin interactions by means of allosteric regulation of Tm dynamics on actin. 15, 16 cTnT consists of two domains (largely historically) and a linker that connects them. The N-terminus includes a highly helical domain, TNT1, where approximately 75% of all cTnT FHC-linked mutations occur or are adjacent to, including those that we discuss below. 17, 18 It is well accepted that the Ntail of cTnT including TNT1 is required for cooperative activation of the thin filament;
19,20 the C-terminal domain TNT2 is necessary for cTnTcTnI-cTnC calcium-sensitive interactions. 19, 21 In addition, studies suggest that flexibility of TNT1 is important in the interactions between cTn and Tm. 18, [22] [23] [24] There is a flexible linker between TNT1 and TNT2. Despite the cTnT linker's obvious role in calcium signal propagation, little is known about its structure due to its hypervariability. 25 cTnI consists of three domains: the cardiac specific N-terminus, the helices preceding and comprising the I-T arm, and the calcium-dependent regulatory regions. The cardiac specific N-terminus consists of approximately 30 residues that are unique to cTn and contains phosphorylation sites (serines 23 and 24) that are responsible for beta-adrenergic stimulation of the heart. [26] [27] [28] The calcium-dependent regulatory region regulates actomyosin interaction and consists of the switch peptide domain, the inhibitory domain, and the mobile domain. [29] [30] [31] [32] The I-T arm is a coiled coil consisting of two helices, one from cTnI and the other from cTnT. It plays a key role in calcium signaling and represents the most stable region of the cTn complex in terms of subunit-subunit interactions. 25, [33] [34] [35] The stability of the I-T arm allows both helices to rotate and translate as a single entity, which is critical to signal transduction through the cTn complex. 25, 33 cTnC consists of two globular domains connected by a flexible linker. The N-lobe has one low-affinity calcium binding site (site II), which is ultimately responsible for regulating the contraction and relaxation of the heart. The C-lobe consists of two high-affinity calcium binding sites (sites III and IV). The link between the two lobes is located between helix D of the N-lobe and helix E of the C-lobe; hence, it is referred to as the D-E linker. In cTn, the D-E linker is mobile and flexible, which is necessary for the calcium-dependent regulation of cTn. 25, 34 Site II cTnC is a canonical E-F hand that consists of 12 residues in specific sequence whereby calcium is coordinated by oxygens of cTnC side chains and backbone and a water bridge 36 (see Supporting Information, "Site II E-F hand sequence alignment"). In a canonical E-F hand, six residues in positions 1, 3, 5, 7, 9, and 12 are responsible for calcium coordination. These correspond to residues 65, 67, 69, 71, 73, Fig. 1 . Orientation to the cTnTm-Tm complex used in our simulations. Orange, overlapping Tm; yellow, cTnT; blue, cTnI; red, cTnC; green, calcium ion. The lower left image is the cTn core rotated and enlarged. Tm is positioned upon an actin scaffold. The edges of Tm are held in position by constraining their alpha carbons allowing only the side chains and overlapping regions of Tm to move freely. All of cTn moves freely with the exception of two atoms (the alpha carbons of cTnT 205 and 277).
and 76 of site II in cTnC. Computational work on a fragment of cTn in explicit solvation demonstrated that site II cTnC is sensitive to perturbations. These perturbations changed the manner in which calcium is coordinated by surrounding oxygens including gains and losses of coordination with nearby oxygens in the loop. 37 Calcium activation of the thin filament, therefore, requires molecular information to be transferred from the site of calcium binding (site II of cTnC) to Tm. This causes a shift in equilibrium between the three states of cTn-actin-myosin interactions: open (calcium bound to cTnC, strong actomyosin binding, and cross-bridge interactions result in force production), closed (calcium bound to cTnC, weak actomyosin binding, and cross-bridge interactions do not result in force production), and blocked (calcium not bound to cTnC, no actomyosin interactions, and no cross-bridge interactions to produce force). 38, 39 In our previous work, we used a complete atomistic model of the cTn-Tm complex to identify statistically significant changes that were transmitted through the complex. 33 Our aim in this paper is to link molecular mechanisms of FHC-linked mutations in TNT1 of cTnT to their respective physiological phenomena in analogous experiments in order to identify (1) mechanisms by which TNT1 mutations communicate with the cTn core and (2) how different mutations in nearby locations display different biophysical effects on cooperativity of calcium binding and calcium activation of the thin filament. Elucidating the biophysical alterations and mechanistic links between specific cTnT mutations and their biomolecular phenotypes will not only further our understanding of the fundamental biology of thin filament function but also provide new insights into the pathogenesis of thin filamentrelated cardiomyopathies. This work is a part of our integrative approach toward investigating FHCrelated mutations. 14 In the current work, we focus our investigation on the fundamental biophysical effects of TNT1 mutations R92L, R92W, ΔE160, E163K, and E163R. These mutations in humans present with a large degree of clinical heterogeneity, making genotype-phenotype correlations difficult.
13 ΔE160 is associated with a high incidence of sudden cardiac death. 7, 11 R92L is associated with varying degrees of cardiac hypertrophy and a low incidence of sudden cardiac death. Patients with the R92W mutation exhibit a complex progressive cardiomyopathy and a high incidence of sudden cardiac death. [40] [41] [42] E163K and E163R are difficult to accurately characterize due to small samples. 7 Furthermore, biophysical studies of these mutations have demonstrated that they display different biophysical effects despite being in the same domain of cTnT. 18, [43] [44] [45] We have found that our atomistic model of the cTn-Tm complex successfully captures mutant-specific fundamental molecular mechanisms of these FHC-related changes.
Results and Discussion
Our simulations yielded thermodynamically and structurally stable complexes over 1-ns simulations (see Supporting Information, "rmsd data"). We are capable of linking structural and dynamic mutational effects of FHC-related TNT1 mutations in our simulations with observed physiological changes. This sheds unique insights into the molecular mechanisms by which these mutations cause disease. We will first discuss cTnT R92 mutations, then we will compare and contrast these findings with cTnT E160 and E163 mutations. Mutations R92L and R92W
Mutations involving R92 are located in the overlapping Tm region of TNT1, an area recognized as critical to cooperative actin binding and the regulatory function of cTn. 18, 19, 22 A primary function of cTnT is to bind Tm, and our simulations show that R92L and R92W cause the interaction between cTnT and Tm to decrease compared to wild type (WT) as shown in Table 1 . Average structures of WT, R92L, and R92W complexes are superimposed in Fig. 2 . TNT1 is enlarged and rotated to highlight a noticeable shift in the average position of TNT1 for mutants R92L and R92W resulting from this decreased interaction. Palm et al. found that cTnT fragments of residues 70-170 cTnT containing these same mutations had a decreased affinity for Tm. They hypothesized that this was the result of altered interactions with overlapping Tm. 18 We demonstrate here in atomic detail that the decreased interaction between cTnT and Tm resulting from mutations R92L and R92W is the likely mechanism of the decreased affinity of cTnT to Tm observed by Palm et al.
As one follows TNT1 from the Tm-Tm overlap region to the C-terminal region (from left to right in Fig. 2 ), WT, R92L, and R92W average structures are similar until the hinge region (residues 105-110 of cTnT) at which point R92L and R92W deviate from WT. We interpret this as a result of mutationally induced increased flexibility in the TNT1 region, a phenomenon we observed in our earlier work with fragments of cTnT 26, 46, 47 but now shown in the context of the entire cTn complex in conjunction with Tm. This increased flexibility is also reflected in the rgyr (radius of gyration) of residues 70-170 of R92L and R92W cTnT shown in Fig. 3 . Compared to our earlier results, 47 our current results show a much smaller increase in flexibility in TNT1. We attribute this difference to the inclusion of Tm in our current simulations, which underlines the role of Tm as the "stabilizer" of the cTn complex. The presence of Tm decreases the movements of TNT1; however, TNT1 still appears to fluctuate despite its interactions with Tm. R92L and R92W mutations increase TNT1's flexibility even in the presence of Tm. In earlier work, we correlated the change in flexibility of these mutations with calcium cooperativity using fragments.
26, 46 We demonstrate here that the inverse relationship between flexibility and cooperativity of calcium activation of the thin filament exists in our current model in the context of the entire cTn-Tm complex, as shown in Fig. 3 . The increase in flexibility of TNT1 caused by R92L and R92W mutations correlates with a decrease in the cooperativity of calcium activation of thin filaments containing the same mutations measured with regulated in vitro motility (R-IVM).
The changes we observe due to R92L and R92W mutations are not localized to the TNT1 region. With our model, we are able to observe how mutationally induced changes in TNT1 propagate to the cTn core via the cTnT linker region. Figure 4 shows that the increase in flexibility of R92L and R92W mutations causes a decrease in secondary structure in the vicinity of cTnT residue 190 that alters I-T arm dynamics. The dynamic changes in the I-T arm also result in changes of secondary structure in the calcium-dependent regions of cTnI and cTnC (see Supporting Information, "Secondary structural changes") and in the average location of site II calcium ions as seen in Fig. 4 . Sites III and IV remain relatively stable. Of particular interest is a decrease in secondary structure of the D-E linker of cTnC, which apparently alters the dynamics of helices C and D of the calcium binding site II in cTnC as shown in Fig. 4 . This affects normal interactions between calcium and the coordinating oxygens of site II in cTnC as shown in Fig. 5 . These changes demonstrate mutationally induced alterations in calcium handling at the molecular level and provide molecular details as to how TNT1 mutations alter calcium binding and cooperativity at a significant distance. 26 There are other models of calcium coordination, 37, 48 but the power of our model is its ability to monitor calcium-oxygen distances in the context of the complete cTn-Tm complex. The small changes we find in calcium binding for R92L and R92W concur with relatively small changes in 26 and flexibility of TNT1 measured from our simulations shows a correlation between the two properties (r = −0.94). The flexibility of TNT1 was calculated by measuring the variance (σ 2 ) of the rgyr of residues 70-170 of cTnT. The broken line is a best-fit line to highlight the inverse nature of the relationship between flexibility and cooperativity. Data are provided in Supporting Information, "rgyr and R-IVM data". calcium sensitivity we found earlier in experiments using R-IVM. 26 In summary, R92L and R92W mutations reduce cTnT-Tm interactions resulting in changes in cooperativity of calcium activation of the thin filament and small changes in calcium binding affinity. The flexibility of TNT1 is increased due to cTnT R92L and R92W mutations and is inversely proportional to the cooperativity. These changes propagate to site II of cTnC by means of conformational and dynamic changes through the cTn complex beginning with the cTnT linker. These changes alter the dynamics of site II of cTnC resulting in relatively small calcium binding changes at the molecular level. This concurs with experimental data showing large changes in calcium cooperativity and relatively small changes in calcium sensitivity of R92L and R92W using R-IVM. 26 This also builds upon previous evidence by Jin et al. demonstrating that seemingly remote portions of the N-tail of cTnT can significantly affect the conformation and function of the cTn core. 19, 49, 50 Mutations ΔE160, E163K, and E163R
Mutations involving E160 or E163, as shown in Fig. 6 , are in the C-terminal region of TNT1 immediately adjacent to the cTnT linker and are responsible for linking the site of calcium binding to Tm. We believe that the proximity of mutations ΔE160, E163K, and E163R to the cTnT linker amplifies their mutationally induced effects.
Mutations ΔE160, E163K, and E163R also decrease the interaction between cTnT and Tm compared to WT, as shown in Table 1 . This directly affects how the C-terminus of TNT1 interacts with Tm and the dynamics of the cTnT linker, as shown in Fig. 6 . It appears that a normal function of the distal linker region is to maintain appropriate interactions between cTnT and Tm in order to properly transmit a signal from cTnC to Tm, a function that is altered by 160E, E163K, and E163R mutations.
There is an increase in the flexibility of TNT1 as a result of mutations E163K and E163R similar to the increase in flexibility we observed in mutations R92L and R92W. Based on the correlation between flexibility and cooperativity we described above, we expected that filaments containing these mutations would show a large decrease in cooperativity, a finding that appears to be true based on preliminary R-IVM data.
51 ΔE160 simulations resulted in a slight decrease in TNT1 flexibility compared to WT; therefore, little to no change in cooperativity should be expected, also consistent with preliminary findings. 51 We correlated our data for ΔE160, E163K, and E163R simulations with respective R-IVM data and found that the same relationship exists between flexibility and cooperativity for these mutations and the R92 mutations described above; flexibility of TNT1 is indirectly proportional to the cooperativity of activation of the thin filament, as shown in Fig. 7 .
With the dramatic decrease in the number of interacting atoms between cTnT and Tm for ΔE160, one would expect the TNT1 flexibility of ΔE160 mutants to increase; however, the opposite is true as shown in Fig. 7 . The nature of the deletion mutation results in a tightening of the helix at the C-terminus of TNT1 that both stiffens TNT1 and pulls on the cTnT linker. This results in dramatically different physical behavior between the deletion mutation ΔE160 and adjacent substitution mutations E163K and E163R. Our earlier simulations of cTnT fragments containing only residues 70-170 cTnT with neither the cTnT linker nor the remainder of cTn and Tm failed to capture these initial mutational effects. Because of this, we believe that the mass of the cTn core and the torque the cTnT linker imposes on the long helix of TNT1 play critical roles in the function and assembly of the thin filament. Harada et al. studied myofibrils containing the cTnT ΔE160 mutation and observed dramatic effects on thin filament assembly and function including a disruption in TNT1-Tm binding, 52 whereas Palm et al.'s work with filaments containing only a fragment of residues 70-170 cTnT failed to notice any difference between ΔE160 and E163K mutants and WT characteristics, concluding that these mutations "must cause disease by other mechanisms." 18 Simulations of the mutations ΔE160, E163K, and E163R that we performed on fragments of cTn only containing cTnT residues 70-170, the same fragment of cTnT used by Palm et al., also showed little to no changes in behavior compared to WT; however, our current, complete model is capable of demonstrating mechanisms by which these mutations affect cTn function.
Though ΔE160, E163K, and E163R mutations initiate changes throughout the cTn complex in a manner similar to that of the R92 mutations, the structural changes we observe as a result of E160 and E163 mutations are greater (see Supporting Information, "Secondary structural changes"). In particular, a greater effect is seen in the D-E linker of cTnC and site II of cTnC for ΔE160, E163K, and E163R mutations than for the R92 mutations, as shown in Fig. 8 . As a result, the coordinating oxygens in site II of cTnC of mutants E163K and E163R tend to move farther away from calcium, as shown in Fig. 5 . The movement of these oxygens in this low-affinity calcium binding site results in further diminished affinity for bound calcium. Therefore, in order to activate the same number of cTn-Tm-Tm complexes within thin filaments containing mutations E163K and E163R compared to WT thin filaments, we require a higher concentration of calcium surrounding the thin filaments. This agrees with preliminary R-IVM experimental data showing a decrease in calcium sensitivity for thin filaments with these same mutations. 51 ΔE160, however, causes structural changes of a different nature in the linker region and subsequently through the cTn core, as seen in Fig. 8 . These changes allow the oxygens of site II to more readily interact with calcium, thus decreasing its ability to dissociate from calcium. ΔE160, therefore, has a greater affinity for bound calcium in site II cTnC than E163K, E163R, and WT. These measurements correspond to calcium sensitivity of thin filaments in unloaded systems such as those of R-IVM. While one might imagine that WT would have the maximum site II affinity for calcium, this does not appear to be the case. In the case of the WT complex, it appears that oxygens in site II interact with calcium in a manner that allows it to escape at an optimum rate. Physiologically, the escape of calcium from site II is required for relaxation of the heart. E163K and E163R mutations increase the probability of this escape; ΔE160 decreases the probability of such an escape. We found this to be of particular interest because impaired relaxation is prominent in cases of FHC. 53 While it is not possible to scale our findings up to whole heart physiology, our model appears to provide insight into a molecular mechanism of calcium-dissociation impairment.
Kobayashi and Solaro have shown that changes in calcium sensitivity due to mutations in cTnI result from changes in the dissociation of calcium from cTnC site II (k d ). 54 Norman et al. demonstrated that changes in calcium binding affinity of cTnC have a direct effect on cTn's role as the modulator of forcegenerating actomyosin interactions. 55 Beginning from similar states of bound calcium, effects from FHC-related mutations in our models propagate through the cTn complex ultimately causing oxygen-calcium distances to fluctuate in site II cTnC. While the average changes in R92L and R92W oxygen-calcium distances are rather small, the changes we observe in mutants ΔE160, E163K, and E163R are rather large. Both of these findings concur with R-IVM measurements of calcium sensitivity. 26, 51 Therefore, we believe that we are observing the molecular mechanism by which k d is altered in FHC-related mutations.
In summary, ΔE160, E163K, and E163R mutations cause changes in the interactions between cTnT and Tm. In the cases of E163K and E163R, this results in an increase in the flexibility of TNT1. In the case of ΔE160, this results in a decrease in flexibility of TNT1. These substitution and deletion mutations have very different effects on the cTn core. The substitution mutations, E163K and E163R, cause changes in site II of cTnC that dramatically decrease its affinity for bound calcium while the opposite changes occur as a result of the deletion mutation, ΔE160, hence its increased affinity for bound calcium.
A common pathway of propagation
Despite their differences, TNT1 mutations appear to share a common pathway of propagation through the cTnT linker and I-T arm to the cTn core. Certain regions of the cTn core and complex appear structurally sensitive to TNT1 mutations, including the cardiac specific N-terminus, inhibitory domain, switch peptide, and mobile domain of cTnI and the D-E linker of cTnC, which connects the N-and Clobes of cTnC (see Supporting Information, Fig. 6 . cTnT ΔE160, E163K, E163R mutations compared with WT. Top: Average structures of cTn with overlapping Tm-Tm for WT (gray), ΔE160 (red), E163K (blue), and E163R (green) aligned with respect to Tm. Bottom: TNT1 is enlarged and rotated to highlight a noticeable shift in the average position of TNT1 for mutants ΔE160, E163K, and E163R that results from decreased interactions between TNT1 and Tm. 51 and flexibility of TNT1 measured from our simulations. This shows an indirect correlation between the two properties (r = −0.74). The flexibility of TNT1 was calculated by measuring the variance (σ 2 ) of the rgyr of residues 70-170 of cTnT. The broken line is a best-fit line to highlight the inverse nature of the relationship between flexibility and cooperativity. Data are provided in Supporting Information, "rgyr and R-IVM data".
"Secondary structural changes"). These regions are superimposed on the average WT structure in Fig. 9 and are similar to the locations of calcium-dependent changes throughout the cTn complex as a function of calcium binding to site II of cTnC. 33 There is no observable change in the structure of the I-T arm or the helices of cTnI and cTnT that directly lead to it. In calcium signaling, we and others observed that the I-T arm is a stable coiled coil that rotates and translates as a single entity. 25, 33, 35 In the case of the mutations we have discussed, this same property appears to transmit mutational effects from the cTnT linker to cTnC and cTnI. Therefore, the regions of structural and dynamic changes that we identified as responsible for calcium signal transduction are the same as those responsible for propagating mutational effects. It should not be surprising that the signaling mechanism by which TNT1 mutations communicate with cTn core is the same as the mechanism by which calcium signaling in cTnC communicates with overlapping Tm but opposite in direction.
Summary
The majority of cTnT FHC-related mutations are in or flanking TNT1. We demonstrated that mutations within TNT1 can have distinctly different molecular mechanisms of disease despite being located in the same domain. Though their pathways of propagation may appear similar, their fundamental mechanisms of alteration in sarcomeric function differ. This sheds light on the difficulty of reasonably classifying similar FHC-related mutations and the difficulty of genotype-phenotype matching for this disease, a central issue in the field. 13 Our model has shown two fundamental , and E163R (green) aligned with respect to the C helix of cTnC. The backbone is left transparent to better observe the calcium positions, and the top image is rotated 90°to yield the bottom image for better perspective of the entire E-F hand. This image highlights the mutationally induced effects experienced at site II. There is a noticeable perturbation in the dynamics of site II and the average positions of calcium. These changes result in an increase in the distances between coordinating oxygens in site II and calcium for E163K and E163R mutations and a decrease in distance for ΔE160.
mechanisms of FHC-related TNT1 mutations: (1) mutationally induced changes in flexibility of TNT1, which are inversely proportional to the cooperativity of calcium activation of the thin filament, and (2) mutational effects on cTnC that alter site II's affinity for bound calcium.
The cTn complex appears to be a calciumtriggered dynamic filter consisting of a connected network of dynamic and structurally sensitive regions that are also sensitive to FHC hotspot mutations. Our future work will aim to see how TNT1 mutations affect these calcium-dependent changes in cTn in the calcium-depleted state as well. A computational model such as the one we have presented earlier 33 and employed here may be useful to categorize FHC mutations based on their molecular mechanisms. This model may also prove to be a useful tool for characterizing newly discovered mutations within cTn. Long-term application of our high-resolution model may allow for more rigorous molecular genotype-phenotype correlation.
Methods
Molecular dynamics simulations were performed with CHARMM version 33b1 56, 57 on an IBM iDataplex x3650 Linux cluster. All simulations were performed using GBSW implicit solvation. 58, 59 The simulations performed in this work were based on our existing model. 33 We constructed a thin filament consisting of cTn and overlapping Tm in the closed state oriented to an actin backbone by synthesizing numerous existing atomistic models including the following: an atomistic model of the cTn core complex from Protein Data Bank (PDB) ID 1J1E; 25 an atomistic model of Tm based on the Lorenz- Fig. 9 . Common pathway of mutationally induced changes in secondary structure. WT average structure (gray) with regions that are structurally sensitive to TNT1 m u t a t i o n s h i gh l i g h t e d. T h e highlighted regions are colored as a function of their subunit: yellow, cTnT; blue, cTnI; and red, cTnC. Holmes model † ‡; an overlapping model of Tm based on PDB ID 2Z5I; 22 cTnT-Tm interactions based on PDB ID 2Z5H; 22 an atomistic model of the thin filament including actin, nonoverlapping Tm, and the cTn core; 60 an atomistic model of chicken fast skeletal troponin from PDB ID 1YTZ; 61 and an atomistic model of the cardiac specific N-terminus of cTnI from PDB ID 2JPW. 27 Improvements in the current model are included in the supporting information (see Supporting Information, "Components of complete cTn Model" and "Substitutions to contributing structures"). Missing regions of cTn were constructed using secondary structure prediction (PSIPRED). 62, 63 Though various overlapping Tm structures exist, 22, 64, 65 only the incorporation of PDB IDs 2Z5H and 2Z5I into our model produced a structurally stable model.
Mutations were introduced into cTnT as necessary, and simulations were then performed in an identical manner as previously described. 33 Briefly, the thin filament was constructed in the closed state by constraining carbons of the nonoverlapping Tm in the closed positions on actin. Actin is then removed. Actin is not included in the simulations due to computational expense. cTn and overlapping Tm were allowed to move freely while nonoverlapping regions of Tm remained stationary due to constraints. Two cTn atoms (the alpha carbons of cTnT 205 and 277) were held in place with harmonic constraints of 2 kcal/mol/Å to simulate interactions between cTn and actin. With the cTn core oriented to actin, the N-tail of cTnT was docked to overlapping Tm in a flexible manner. This was accomplished through the use of distance constraints over 30 ps while gradually reducing the distance constraints to 0. With the system in thermodynamic equilibrium, we allowed the system to evolve for 50 ps.
The WT and mutant models were then subjected to identical minimization, heating, and equilibration conditions. They were minimized by alternating the steepest descent and adopted basis Newton-Raphson methods until energy optimized (final gradient less than 0.0001 kcal/mol/Å) then heated gradually from 0 K to 300 K over 30 ps. The system was again allowed to equilibrate for 30 ps, then the system was evolved for 1 ns. Root-mean-square deviation (rmsd) analyses for the cTnT-Tm region and the cTn core were performed over the production run to ensure structural stability. A schematic of the method by which we constructed and performed our simulations is diagrammed in Fig. 10 .
While 1-ns simulations may seem relatively short, simulations of a system of this size are at the limit of current computational possibilities and preclude its explicit solvation. It has been shown that multiple short simulations are more likely indicative of molecular behavior than a single long simulation; 66 therefore, we ran three separate simulations for each variant with various initial conditions chosen by varying random seeds. Our quantitative results for WT and mutants are the averages of their three respective 1-ns simulations. Graphically, we present average structures from single simulations.
We thus produced equilibrium simulations of thin filaments for WT and cTnT mutants R92L, R92W, ΔE160, E163K, and E163R. Each set of simulations consisted of three separate simulations whose only differences were their seeds for the random number generator. The simulations were visualized with VMD. 67 rmsd and rgyr analyses were performed using CHARMM version 33b1. 56, 57 Only the backbone atoms (amine N, alpha C, and carboxyl C) were used in calculating rmsd and rgyr. Secondary structure analyses were performed with STRIDE. 68 A Pearson correlation between molecular dynamics and R-IVM results was performed with the statistical software package R.2.11.1 for Windows.
In order to investigate mutant effects on calcium binding, we used our WT simulations as a baseline. We identified the oxygens with which calcium coordinated in site II by searching for any atoms that were within 4 Å of site II calcium during the course of our WT simulations. Due to our use of implicit solvation, we cannot observe water bridge interactions required by residue 73 cTnC. As a result, coordination with residue 67 is quickly lost in our WT simulations. No new oxygen-calcium interactions occurred during the course of WT or mutant simulations. We therefore measured the distances between site II calcium and the oxygens with which we found calcium to be coordinated: OD2 of residue 65, OG of residue 69, O of residue 71, and OE1 and OE2 of residue 76 during the course of WT and mutant simulations, as shown in Fig. 11 .
We then compared the results of our analyses with experimental results. Our results are the most comparable with R-IVM studies, which measure functional characteristics of the thin filament, such as cooperativity of calcium activation and calcium sensitivity, under no load conditions. Even with this experimental system, we recognize the limitations of our model. For example, without actin or myosin being simulated, it would be imprudent to compare our computational results with filament sliding speeds measured with R-IVM because they are measurements of actomyosin kinetics. Similarly, we obviously cannot scale our findings above the thin † http://www.mpimf-heidelberg.mpg.de/holmes; accessed on 24 Our model is capable of measuring five of the interactions between oxygen and calcium due to our use of implicit solvation.
filament level such as to fibers and whole heart experiments. Our present methodology is a bottom-up approach in investigating fundamental biophysical effects of FHC-related mutations.
